Heteroresistance is the coexistence of populations with differing nucleotides at a drug resistance locus within a sample of organisms. Although Sanger sequencing is the gold standard for sequencing, it may be less sensitive than deep sequencing for detecting fluoroquinolone heteroresistance in Mycobacterium tuberculosis. Twenty-seven fluoroquinolone monoresistant and 11 fluoroquinolone-susceptible M. tuberculosis isolates were analyzed by Sanger and Illumina deep sequencing. Individual sequencing reads were analyzed to detect heteroresistance in the gyrA and gyrB genes. Heteroresistance to fluoroquinolones was identified in 10/26 (38%) phenotypically fluoroquinolone-resistant samples and 0/11 (P ‫؍‬ 0.02) fluoroquinolone-susceptible controls. One resistant sample was excluded because of contamination with the laboratory strain M. tuberculosis H37Rv. Sanger sequencing revealed resistance-conferring mutations in 15 isolates, while deep sequencing revealed mutations in 20 isolates. Isolates with fluoroquinolone resistance-conferring mutations by Sanger sequencing all had at least those same mutations identified by deep sequencing. By deep sequencing, 10 isolates had a single fixed (defined as >95% frequency) mutation, while 10 were heteroresistant, 5 of which had a single unfixed (defined as <95% frequency) mutation and 5 had multiple unfixed mutations. Illumina deep sequencing identified a higher proportion of fluoroquinolone-resistant M. tuberculosis isolates with heteroresistance than did Sanger sequencing. The heteroresistant isolates frequently demonstrated multiple mutations, but resistant isolates with fixed mutations each had only a single mutation.
F
luoroquinolones are bactericidal against Mycobacterium tuberculosis. The etiology of fluoroquinolone resistance is incompletely explained in published studies. Mutations in DNA gyrase that modify the fluoroquinolone target in M. tuberculosis were identified in 56% of the phenotypically resistant isolates in a systematic review (1) , although the rates were much higher in some individual studies (2) (3) (4) . In that review, isolates in 32 of 41 studies were assessed for DNA gyrase mutations via Sanger sequencing (1) . Sanger sequencing of the gyrase genes, gyrA and gyrB, is, to date, the gold standard in the identification of genotypic resistance mutations (5) . However, Sanger sequencing is less sensitive than deep sequencing for low-frequency variants in M. tuberculosis; the former can detect minor allele frequencies of Ͼ10 to 15% (6, 7) . Sanger sequencing is dependent on the presence of a variant above this threshold for effective amplification. Deep sequencing by the Illumina method, in contrast, amplifies individual DNA clusters and is more sensitive for the amplification of variants with as little as 1% frequency in the population (http://res.illumina.com /documents/products/technotes/technote_genotyping_rare _variants.pdf).
Heteroresistance refers to a population of organisms that are not homogeneous for a given nucleotide at a position implicated in drug resistance (8) . Under antibiotic selection, the proportion of resistant organisms increases until a mutation becomes fixed, defined as a mutant allele frequency of Ͼ95% (9) . Although a single sputum culture may not reflect the entire diversity of tuberculosis bacteria infecting a patient, heteroresistance at a resistance locus is sensitive for the detection of discordance in drug susceptibility at the site of disease.
Because M. tuberculosis is a haploid organism, its DNA should be represented by a single nucleotide at each position in the genome. Several etiologies are felt to underlie heteroresistance, including an infection with multiple strains of M. tuberculosis, a superinfection, or an ongoing evolution of mutations within an originally homogeneous strain (10) . The presence of mixed infections or superinfections with a second strain is best assessed by molecular typing, as these infections will typically demonstrate mixed mycobacterial interspersed repetitive-unit (MIRU) typing, spoligotyping, or restriction fragment length polymorphism patterns (11) . In the presence of a single molecular typing pattern, sequencing is necessary to identify heteroresistance at the genetic loci of interest. In this study, we compared Sanger sequencing of gyrA and gyrB with deep Illumina sequencing to determine the proportion of fluoroquinolone (FQ) monoresistant isolates with heteroresistance.
MATERIALS AND METHODS
Study population. M. tuberculosis isolates were obtained from a population-based study of patients with newly diagnosed, culture-confirmed tuberculosis reported to the Tennessee Department of Health from January 2002 to December 2010 (12, 13) . The sample included 27 phenotypically fluoroquinolone-resistant isolates and 11 fluoroquinolone-susceptible controls. Susceptible controls were matched by lineage and, where possible, sublineage, using MIRU analysis and spoligotyping. If no exact match was available, an isolate with the most loci in agreement was chosen. Each isolate was grown in culture, and MIC testing for ofloxacin was performed. Large swipes of several colonies were taken from the same plates for DNA extraction. Sanger sequencing and deep sequencing were performed from the same DNA sample.
Phenotypic resistance testing. A 1.0 McFarland suspension was prepared from 3-week-old M. tuberculosis colonies grown on LowensteinJensen medium in the absence of ofloxacin. After confirmation of turbidity by nephelometry, the suspension served as the standard inoculum for all dilutions used in susceptibility testing. One hundred microliters each of 10 Ϫ2 and 10 Ϫ4 dilutions of the standard inoculum was plated on 7H10 agar containing ofloxacin. Control plates were also inoculated with bacilli in the absence of the drug. Phenotypic resistance was defined as Ͼ1% colony growth in the presence of 2 g/ml ofloxacin. The MIC was determined by the first serial dilution showing Ͻ1% colony growth on the 7H10 agar (14) . Sanger sequencing. For full methods, see Devasia et al. (13) . DNA was extracted from a single M. tuberculosis colony grown on Lowenstein-Jensen medium. The entire gyrA and gyrB genes were amplified by PCR in separate reactions. The amplified DNA fragments were purified (MinElute gel extraction kit; Qiagen, Valencia, CA) and cloned using a TA Cloning kit (Invitrogen, Carlsbad, CA). Plasmids were sequenced via an ABI Prism 3730xl DNA analyzer (Applied Biosystems, Foster City, CA) using BigDye chemistry per the manufacturer's instructions. Applied Biosystems DNA sequencing software (version 5.0) was used to collect and analyze the raw data. Sequences were analyzed using DNA Baser (Heracle BioSoft, Pitesti, Romania). The gyrA and gyrB sequences for all isolates were assembled and compared to the gyrA and gyrB sequences in M. tuberculosis reference strain H37Rv (GenBank accession number AL123456.2).
Deep Illumina sequencing. Genomic DNA was purified using a ZR bacterial/fungal DNA miniprep kit (Zymo Research, Irvine, CA). Samples were then heated to 94°C for 10 min. Whole-genome sequencing was performed at the Genome Sciences Resource at Vanderbilt University on an Illumina HiSeq 2500 system for 29 isolates; 9 isolates were sequenced at the Illumina Sequencing Core at Boston University on an Illumina GaIIx system. In both cases, identical library preparation was performed for fragmentation of DNA, end repair, and ligation of Illumina adapters. Ligated DNA was then selected for cluster generation and sequencing, which were performed per the Illumina manual on the HiSeq and GaIIx systems, respectively, for the isolates described above. Base calls were generated from the internal Casava pipeline software (Illumina, San Diego, CA).
The HiSeq output was in the FASTQ format. Output from the GaIIx was in the QSEQ format, which was transformed into a FASTQ file using a Perl script. Low-quality base tails and reads having less than two-thirds of the bases with quality scores of Ն30 in the first half of the read were removed prior to sequence analysis using Sickle (University of CaliforniaDavis) (17) .
Sequences were then aligned, mapped, and compared to the reference H37Rv genome (GenBank accession number AL123456.2). The BurrowsWheeler aligner (BWA) was used to align and merge the paired end reads (18) . The alignments were then sorted and indexed using SAMtools (19) . SnpEff was used to call single nucleotide polymorphisms (SNPs) and annotate output base changes (20) .
Whole-genome sequencing was performed on a total of 38 specimens. In one sample, 827 heteroplasmic SNPs were identified with a common mutant to a reference ratio of approximately 1:4. When analyzed, the 827 SNPs differed from the H37Rv reference by only 5 SNPs, suggesting contamination of the sample with H37Rv. This sample was therefore excluded. The other 37 isolates showed no evidence of contamination or multiple strains.
Read level analysis. The SAMtools mpileup command was used to generate a pileup report that detailed all nucleotide calls at each position for each sample. A custom Perl script was used to generate counts based on strand and base calls at each position on both the forward and reverse strands. Given that false-positive reads are rare in the setting of marking duplicates and performing local realignment, at least 2 reads on both the forward and reverse strands were required to consider a position for analysis (21) . Heteroresistance was defined as a resistant allele proportion between 1% and 95% (9) . The means of values on the forward and reverse strands were obtained. In this analysis, we evaluated only the gyrA and gyrB genes.
RESULTS
Isolates varied based upon phenotypic resistance to fluoroquinolones, phylogeny, and molecular typing as shown in Table 1 . The population included 38 isolates, 34 of which were from the EuroAmerican lineage; the remainder were of East Asian lineage.
Within the Euro-American isolates, the most common sublineages were X (6), Haarlem (4), Latin American Mediterranean (LAM) (3), and S (1). Study isolates were assessed as shown in Fig. 1 . Ofloxacin drug susceptibility testing performed prior to sequencing revealed 26 isolates with and 11 isolates without phenotypic resistance. Fifteen of 26 resistant isolates had known resistance-conferring mutations in gyrA or gyrB identified by Sanger sequencing. Illumina deep sequencing on the 37 isolates confirmed the presence of resistance-conferring mutations in the 15 phenotypically resistant samples with mutations on Sanger sequencing and also identified known resistance-conferring mutations in gyrA or gyrB in an additional 5 phenotypically resistant isolates. The remaining 6 isolates had no known resistance-conferring mutations on deep sequencing.
The exact proportions and sites of heteroresistance in DNA gyrase are shown in Table 2 . On deep sequencing, heteroresistance was observed in 10 of 26 (38%) isolates phenotypically resistant to ofloxacin, compared to 0 of 11 isolates susceptible to ofloxacin (Fisher's exact test, P ϭ 0.02). Of heteroresistant isolates, 5 had a single unfixed mutation, and 5 had multiple unfixed mutations. No isolates contained a heteroresistant position and a fixed resistance-conferring mutation. No isolates with fixed mutations had multiple mutations in gyrA or gyrB. Heteroresistance was identified at 2 loci in gyrB and 5 loci in gyrA. Heteroresistance frequencies shown are from read-level evaluation of deep sequencing data and ranged between 0.04 and 0.84. The proportion of heteroresistance plotted against the detection of heteroresistance by Sanger sequencing is shown in Fig. 2. A comparison of the exact mutations detected by Sanger sequencing and deep sequencing is shown in Table 2 . All 10 isolates with fixed mutations in DNA gyrase were identified by Sanger sequencing. Sanger sequencing detected multiple mutations in 3 samples. Deep sequencing revealed resistance-conferring mutations in 20/26 isolates. In 4 of these 20, multiple mutations reported to confer resistance were identified. Average read depth across gyrA and gyrB varied from 129 to 530, with a median of 307 and an interquartile range of 139.
DISCUSSION
In this study, we identified a high proportion (38%) of heteroresistance among fluoroquinolone-resistant M. tuberculosis isolates by deep sequencing. Previous studies have employed different methods to assess heteroresistance to fluoroquinolones, including Sanger sequencing of gyrA, Sanger sequencing of gyrA and gyrB plus spoligotyping, and a line probe assay. Proportions of heteroresistance were 23%, 21%, and 20%, respectively. Two of these studies contained only isolates resistant to multiple drugs, and in the third, 23/35 samples were resistant to at least one drug (6, 22, 23) . In contrast, our M. tuberculosis isolates were resistant only to fluoroquinolones.
Both deep sequencing and Sanger sequencing detected isolates with heteroresistance; however, deep sequencing identified heteroresistance in 6 more isolates than Sanger sequencing. A direct comparison between the two methods is possible since the same aliquot of DNA was used to perform both tests. The detection of heteroresistance in 15% of samples by Sanger sequencing is consistent with that in previous studies. However, the detection of heteroresistance in 38% of samples by deep sequencing suggests that heteroresistance is more common than previously reported and that deep sequencing offers improved sensitivity over Sanger sequencing for heteroresistance detection. There are no studies using deep sequencing to detect heteroresistance to other antimycobacterial drugs, so it is not possible to compare proportions of heteroresistance between antimycobacterial drugs.
The use of cultured samples for deep sequencing may, in fact, select for more fit mutants, which may result in an underestimate of heteroresistance in this study. As sequencing technologies improve, rapid diagnostic testing for drug resistance directly from patient samples may allow better estimates of the frequency and proportion of heteroresistance. The proportion of heteroresistance needed to result in treatment failure is not currently known. In our study, one isolate with phenotypic fluoroquinolone resistance demonstrated only 4% heteroresistance and another had 9%. The Xpert MTB/RIF assay requires a frequency of at least 65% to detect a heteroresistant mutation (24) . Despite our focus on fluoroquinolones rather than on rifampin, the Xpert platform rather than the mutation under study limits the detection of resis-tance mutations in samples with low proportions of resistant organisms. Thus, a test requiring a similar proportion of resistant mutants would have identified only 60% of the isolates we found to be genotypically resistant. This finding suggests a need for highly sensitive genotypic resistance testing for fluoroquinolones, especially since these same samples exhibiting very low levels of heteroresistance for a known resistance mutation were phenotypically resistant to fluoroquinolone.
Deep sequencing quantified multiple coexisting mutations, including several not identified by Sanger sequencing. In 4 of 5 isolates with multiple resistance-conferring mutations, the frequencies of mutant alleles summed to 1 despite mutant alleles located in different loci or even different genes (gyrA versus gyrB). The relative fitness costs of gyrase mutations are not known in M. tuberculosis; however, in studies of Streptococcus, Campylobacter, and Neisseria gonorrhoeae these mutations are associated with a fitness cost (25) (26) (27) . Notably, only single resistance-conferring mutations were fixed in each isolate. In our population, D94G was the most prevalent fixed gyrase mutation, followed by D94N, D94Y, and S91P. However, the D94G mutation was also the most prevalent unfixed mutation, suggesting that no resistance mutation was associated with disproportionate adaptation to growth in laboratory conditions. Interestingly, 6 isolates with phenotypic ofloxacin resistance had no gyrase mutations identified. This may suggest loss of less fit, unfixed gyrase mutations after sputum collection or an alternative mechanism of fluoroquinolone resistance.
Heteroresistance must be distinguished from mixed-strain in- fections. In our population, we performed both spoligotyping and 12-loci MIRU-variable-number tandem repeat (VNTR) typing.
Typing was done with a loop of bacteria from multiple colonies, increasing the sensitivity for detecting mixed infection. All isolates included in the analysis resulted in a single pattern by MIRU and spoligotyping, making the presence of a single lineage more likely. Additionally, the analysis of heteroresistant positions revealed a mixture in only one isolate, which had been contaminated with H37Rv. This study was limited by the need for a large amount of DNA, requiring use of cultured organisms. Sequencing directly from sputum might have possibly captured a broader array of organisms but generated less DNA and presumably had a decreased ability to detect mutations. The use of cultured organisms may favor those better adapted to grow under laboratory conditions. Furthermore, our study was performed in a low disease burden area with monoresistant isolates. However, Sun et al. showed that heteroresistance was present in 3 patients demonstrating multidrug resistance (MDR) and treatment failure after heavy treatment exposure (9) . This suggests that a substantial proportion of resistance is not transmitted in MDR TB cases. An additional study is needed to identify the rate of heteroresistance in MDR TB cases. Our study was also limited by the low number of fluoroquinolone-resistant isolates in our study area, the state of Tennessee. However, all of the isolates were fluoroquinolone monoresistant, which allows evaluation of mutations associated only with fluoroquinolone resistance. In addition, gyrase-binding assays have not been performed for known gyrase resistance-conferring mutations; such information would be helpful for understanding the relative fitness of mutant strains.
In summary, through deep sequencing, we have identified a higher proportion of heteroresistance in fluoroquinolone-resistant M. tuberculosis isolates than in previously published studies. The fact that almost half of the heteroresistant mutations detected in our sample would not have been detected by a test requiring 65% frequency of a resistance mutation in a sequenced population, as in the case of the Xpert MTB/RIF, suggests that alternate strategies are needed to capture a complete picture of genotypic resistance in future point-of-care tests. Furthermore, nearly 20% of isolates studied harbored multiple resistance-conferring mutations in gyrase. In all such cases, multiple resistance mutations coexisted only in the absence of a fixed mutation. Single mutations were identified only in samples demonstrating fixed mutations, suggesting that the fitness cost is high when there is more than one fixed, fluoroquinolone resistance-conferring mutation.
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